The phonon densities of states of body-centered-cubic Fe-V alloys across the full composition range were studied by inelastic neutron scattering, nuclear resonant inelastic x-ray scattering, and ab initio calculations. The average phonon energy followed the inverse of the electronic heat capacity and the inverse of the electronic density of states at the Fermi level, showing how the interatomic forces depend on electronic screening. These quantities, including phonon energy, changed rapidly near the composition of the paramagneticferromagnetic transition. For Fe-and V-rich alloys, the thermal phonon softening deviated from quasiharmonic behavior but better agreement was found for intermediate compositions. The Fe partial phonon density of states has a distinctly different shape than V for alloys with less than 50 at. % Fe.
I. INTRODUCTION
Phonon thermodynamics underlies the vibrational entropy of materials, which contributes substantially to alloy phase stability and phase transitions. 1 Understanding how composition, structure, temperature, and pressure alter the phonon frequencies has become a rich topic for materials research. [2] [3] [4] [5] [6] [7] Unfortunately, simple rules derived from atomic mass, size, electronegativity, electron-to-atom ratio, and bond lengths are at best semiquantitative. Quantitative predictions must address the details of the electronic structure and how it depends on nuclear positions. This includes the effects of magnetism, which alter substantially the electron density at the Fermi level.
The body-centered-cubic ͑bcc͒ phase in the Fe-V alloy system spans across the full composition range. 8, 9 Systematic changes in magnetic properties with composition make Fe-V alloys interesting for a study of the effects of magnetism on phonon thermodynamics. The magnetic moment decreases linearly from the value of bulk Fe as the V concentration increases until it disappears at about 70 at. % V at low temperature. [10] [11] [12] The Curie temperature is 300 K at approximately 58 at. % V. 13, 14 First-principles calculations by several methods have successfully reproduced the trends in the magnetism [15] [16] [17] [18] and predict a strong hybridization of the atomic orbitals, charge transfer from the V to the Fe atoms, and the development of an antiparallel moment at the V atoms. The latter was confirmed by the neutron diffuse scattering measurements of Mirebeau and Parette. 19 The total energy calculations as a function of volume for pure Fe performed by Moruzzi and Marcus, 16 predict the spinpolarized phase to be stable over the nonspin-polarized phase. These calculations showed that the electronic energies vary more with volume in the nonspin-polarized phase, resulting in a higher bulk modulus than the ferromagnetic phase.
When an atom is displaced from its equilibrium position, the conduction electrons are free to screen the corresponding charge disturbance. The better the screening, the lower the electronic energy and interatomic forces. It is generally expected that a metal with a large electronic density of states ͑eDOS͒ at the Fermi level, n͑E F ͒, should have phonons of lower average energy than a material with small n͑E F ͒. 20 The full picture requires details about how the different electron states at the Fermi level respond to atom displacements, and this is complicated for transition metal alloys. Nevertheless, when large, sharp features are present in n͑E͒ near E F , changes in composition and temperature can alter significantly the phonon dispersions and the phonon density of states ͑pDOS͒. For pure V, the adiabatic electron-phonon interaction ͑EPI͒ broadens the eDOS, causing a decrease in n͑E F ͒ with increasing temperature. 21 A consequence is a reduction in electronic screening with temperature so the phonon DOS remains anomalously stiff at elevated temperatures. These effects on the phonons are of interest for their own sake but they also have thermodynamically significant effects on the vibrational entropy.
Both Fe and V have similar molecular weights, so mass effects from compositional changes are expected to shift phonon frequencies ͑⌬ / ͒ by less than 5%. Larger effects are expected from changes in volume with temperature and perhaps composition. The effects of volume on the phonons are first accounted for with the quasiharmonic ͑QH͒ model. In this model the phonons are assumed harmonic but increases in volume owing to thermal expansion cause decreases in phonon energies ͑in proportion to a Grüneisen parameter͒. We might expect similar effects from the changes of volume with alloy composition, although this is less direct. The specific volume of Fe 1−x V x alloys increases monotonically with x, where vanadium is ϳ18% larger than Fe.
In this study, we explore the effects of alloying and temperature on the phonon density of states of bcc Fe 1−x V x across the entire composition range ͑0 Ͻ x Ͻ 1͒. In what follows we explain the inelastic scattering techniques and their results, present predictions from quasiharmonic theory, and describe results from ab initio calculations of electronic structure and phonon dynamics. There are some successes of quasiharmonic theory for thermal trends at intermediate compositions. The compositional trends, however, deviate substantially from QH theory at the ferromagnetic transition. This effect seems dominated by changes in the eDOS at the Fermi level.
II. EXPERIMENTS AND RESULTS
For the neutron-scattering measurements, alloys of Fe 1−x V x for x = ͕1 , 0.94, 0.75, 0.50, 0.25, 0͖ were prepared by arc melting under an argon atmosphere using shots of 99.99% Fe and 99.8% V. The ingots were cold rolled to thicknesses corresponding to a neutron-scattering probability of 10% ͑1-3 mm͒. The rolled strips were annealed in evacuated quartz ampoules to produce bcc solid solutions. X-ray diffraction patterns were acquired at room temperature for all samples and confirmed the bcc structure. There was no measurable evidence of the sigma phase or oxidation. For the inelastic x-ray measurements, alloys of Fe 1−x V x for x = ͕0.99, 0.95, 0.90, 0.80, 0.70, 0.50, 0.25, 0͖ were prepared similarly to the INS samples but 96.06% enriched 57 Fe was substituted for natural Fe. After melting, the small ingots were cold rolled to a thickness of 20-50 m. Electron microprobe measurements confirmed the compositions to be accurate to 0.5 at. %.
Inelastic neutron-scattering ͑INS͒ spectra were measured with the wide angular-range chopper spectrometer at the Spallation Neutron Source ͑SNS͒ of the Oak Ridge National Laboratory. Samples were surrounded by thin-wall aluminum pans of area 5 cmϫ 7 cm, and mounted in the Cu frame of a custom-built low-background electrical resistance furnace, which was kept under high vacuum during all measurements. The flat sample packages were tilted at a 45°a ngle off the direction of the incident beam to minimize self shielding. All samples ͑with the exception of Fe 0.50 V 0.50 , which develops chemical order͒ were measured at 300 and 773 K. The samples were allowed to cool under vacuum and remeasured at 300 K. Neutron diffraction, acquired from the elastic scattering, indicated no change in the samples after the heating to 773 K. No oxidation was observed on the samples after the measurements. The lattice parameters from neutron diffraction were consistent with those determined from x-ray diffraction and consistent with values from the literature. 8 All measurements were performed with an incident beam of monochromatic neutrons with a nominal energy of 80 meV and chopper frequency of 600 Hz. The energy resolution ͓full width at half maximum ͑FWHM͔͒ was 1.7 meV at 40 meV neutron energy loss, increasing to 3.1 meV at the elastic line. The empty Al sample container was measured in identical conditions at all temperatures and was subtracted from the measured spectra of the samples.
Nuclear resonant inelastic x-ray scattering ͑NRIXS͒ ͑Refs. 22-24͒ was performed at beamline 16ID-D at the Advanced Photon Source ͑APS͒ of the Argonne National Laboratory. The incident photon energy was tuned to 14.413 keV, the nuclear resonance energy of 57 Fe. Each sample was placed on Kapton tape at a grazing angle to the incident x-ray beam. The NRIXS signal was measured with two avalanche photodiode detectors ͑APDs͒ with active areas in close proximity to each other, positioned 90°from the direction of the beam. Data were collected in scans of incident photon energy from -80 to +80 meV around the main resonant peak. All measurements were performed at room temperature. The monochromator resolution function was measured in situ using a single APD in the forward direction. The FWHM was ϳ2.2 meV. The NRIXS data reduction was performed with the software PHOENIX. 25 The results of the inelastic x-ray scattering measurements are presented in Fig.  1 . As a function of composition, there is smooth change in spectral shape from the phonon DOS of pure Fe to a peak centered at 25 meV with a FWHM of ϳ8 meV for dilute concentrations of Fe in V.
Details about the procedures for reducing inelastic neutron-scattering data are described elsewhere. 5, [26] [27] [28] Intermediate INS results are presented in Fig. 2 . Further reduction generates curves g nw ͑E͒, as shown in Fig. 3 . These curves are "neutron weighted." The undistorted total phonon DOS g͑E͒ is
where g d ͑E͒ are the phonon partial densities of states of atom d ͓the Fe-specific phonon partial density of states ͑Fe pDOS͒ or V pDOS͔, and x d is its mole fraction. The function g͑E͒ of Eq. ͑1͒ is required for calculating thermodynamic quantities, such as the phonon entropy or phonon contribution to the heat capacity. The efficiency for the scattering of neutrons by phonons is proportional to sc / m and the neutron-weighted DOS is Fe pDOS curves from NRIXS spectra at 300 K. Curves are offset by integer multiples of 0.03 meV −1 .
where sc is the total scattering cross section, m is the molecular weight, and A is a normalization factor. For Fe and V the total scattering cross sections are 11.62 barns and 5.1 barns, respectively. The phonon modes with large motions of Fe atoms are therefore overemphasized in the neutronweighted DOS curves of alloys. Fortunately, the NRIXS technique provides for a direct measurement of g Fe ͑E͒. Subtracting the extra weight of the Fe pDOS from g nw ͑E͒, we obtain the phonon DOS g͑E͒, corrected for neutron weighting. These g͑E͒ are presented in Fig. 4 .
For pure Fe, the DOS measured by NRIXS is in good agreement with the INS results. Figure 5͑a͒ shows the average energy of phonons, ͗E͘ = ͐g͑E͒EdE. Despite having very dissimilar shapes for the V-rich alloys, ͗E͘ is similar for the NRIXS and INS results. The V pDOS and Fe pDOS therefore have very similar average energies even though their shapes are different. A kink in ͗E͘ versus composition is observed at x = 0.25. This is consistent with changes in a number of other properties in Fe 1−x V x alloys that accompany the magnetic transition. For example, there is a change in the slope of the lattice parameter 8, 29, 30 as a function of composition ͓Fig. 5͑b͔͒. There is also a kink in the composition dependence of the electronic contribution to the lowtemperature heat capacity, 31 the inverse of which is plotted against the average energy in Fig. 5͑a͒ . Figure 5 shows a general trend of decreasing phonon energies with increasing lattice parameter. This seems consistent with a quasiharmonic model, for which the fractional change in the phonon energy levels depends linearly on the fractional change in volume
III. QUASIHARMONIC EFFECTS
where the thermodynamic Grüneisen parameter ͑average over all phonon modes͒ is given by 
with ␣ the linear coefficient of thermal expansion, V the specific volume, B S the isentropic bulk modulus, and C P the constant-pressure heat capacity. 32 The Grüneisen parameters, ␥, for the alloys at room temperature and 773 K were determined as follows. The bulk modulus was assessed at room temperature from ultrasonic pulse-echo measurements of longitudinal and transverse wave speeds. The lattice parameter as a function of temperature was measured by x-ray diffractometry. These results, and the derived coefficient of thermal expansion, are listed in Table I . The Grüneisen parameters were obtained with Eq. ͑4͒, using the room-temperature heat capacity data compiled by Smith 33 and the values in Table I . These results are consistent with prior assessments of Grüneisen parameters for the elements at room temperature; ␥ = 1.66 for pure Fe ͑Ref. 34͒ and ␥ = 1.23 for pure V. 21 To account for the quasiharmonic predictions of the phonon DOS curves at 773 K, the 300 K DOS curves of Fig. 3 were rescaled in energy using Eq. ͑3͒ with the values of ␥ and the lattice parameters listed in Table I . Figure 3 shows that the quasiharmonic model only partly accounts for the thermal phonon softening in Fe between 300 and 773 K but overestimates the phonon softening for V and Fe 0.06 V 0.94 . The phonon DOS curves for Fe 0.75 V 0.25 and Fe 0.25 V 0.75 at 773 K match well the quasiharmonic prediction.
When alloying Fe with V, there is an increase in lattice parameter. In a simple application of Eq. ͑3͒, we used the alloy volumes and Grüneisen parameters of Table I to predict the change in ͗E͘ of pure Fe for the changes in volume with composition. Also accounted for were changes in mass with composition. The same procedure was followed to predict the change in ͗E͘ of pure V with composition. The results, shown in Fig. 5 , appear generally successful in the Fe-rich and V-rich regions but are not without problems as discussed below.
IV. FIRST-PRINCIPLES SIMULATIONS
Electronic-structure calculations on ordered structures of Fe-V ͑Ref. 35͒ were performed with density-functional theory ͑DFT͒ in the generalized gradient approximation. 36 For all calculations we used ultrasoft pseudopotentials, 37 treating semicore 3s and 3p orbitals as valence states. An energy cutoff of 30 Ry was used for the plane-wave expansion. The calculations were performed on relaxed structures, where the total energy versus volume was fit to an equation of state to determine the equilibrium volume and bulk modulus. For B2 cubic FeV we obtained a 0 = 2.891 Å, which underestimates the experimental value 38 by less than 1%. Calculated lattice parameters of bcc Fe and V were a 0 = 2.861 Å and a 0 = 2.996 Å, also in a good agreement with experiment. The ferromagnetic phase was found to minimize the total electronic energy for Fe, Fe 3 V, and FeV, consistent with experimental magnetic properties 13 and the calculations of Moruzzi and Marcus for Fe. 16 Electronic properties were computed using Marzari-Vanderbilt 39 Table II and graphed in Fig. 6 .
Phonon frequencies and eigenmodes were calculated using the linear response technique. 41 For integration in the Brillouin zone, Monkhorst-Pack phonon energies are given in Table II . Proper weighting of the calculated pDOS using Eq. ͑2͒ and convolution with the experimental resolution function gives the compositional trends found for the measured spectra ͑Fig. 8͒, even though the calculations were on ordered structures and the measurements were on solid solutions. For the NRIXS spectra the calculated and measured shapes are similar but the calculations show an Fe pDOS shifted to lower energies than the V pDOS, whereas the experimental results do not show a difference between the average energy of the Fe pDOS and the total DOS, implying a small shift at most. The calculations showed that the pDOS curves were sensitive to the local chemical environment. For example, the DO 3 ordered structure for Fe 3 V has two different chemical environments for the Fe atom, and Fe atoms in these two environments had different pDOS curves and values of ͗E͘.
V. DISCUSSION

A. V-rich alloys
The phonon DOS curves of Figs. 3 and 4 show a large phonon stiffening when Fe is added to pure V, at least from pure V to the composition Fe 0.25 V 0.75 . From the right side of Fig. 5 , we see that the stiffening from adding Fe is consistent with the quasiharmonic prediction from Eq. ͑3͒. However, the ͗E͘ of the neutron measurements are larger than those predicted by volume effects alone. From prior work on V alloys, 20, 21, 42, 43 we know that this excess phonon stiffening with small Fe concentrations originates from a reduction in the electron-phonon coupling. 20, 21 The two DOS curves for pure V and for Fe 0.06 V 0.94 between 300 and 773 K, shown in Fig. 3 , do not follow the quasiharmonic softening expected from thermal expansion. 
Formula
Atom Site This is the result of a strong electron-phonon coupling in V at low temperatures. Specifically, at low temperatures the adiabatic electron-phonon coupling causes a softening of the phonons, and with increasing temperature the electronphonon coupling becomes weaker, causing a stiffening effect that counteracts the quasiharmonic softening. Upon alloying with Fe, there is a depletion of the number of states at the Fermi level, n͑E F ͒, reducing the number of electronic states available for screening the displacements of atoms. With the loss of this screening of charge disturbances caused by nuclear displacements ͑an electron-phonon interaction͒, there is a greater sensitivity of the electronic energy to atom displacements, and stiffer interatomic forces. One trend supporting this explanation is the increase in the inverse electronic heat capacity with Fe concentration, C el −1 , shown in Fig. 5 . Also, Fig. 6 shows a reduction in n͑E F ͒ from the addition of Fe to V, by comparing calculations on pure V with the compound V 3 Fe, or with the simpler rigid band filling of the eDOS of pure V from the extra electrons of Fe. The rigid band model also does reasonably well at giving n͑E F ͒ for the nonmagnetic calculations of all compounds, predicting a reduction of n͑E F ͒ from V to FeV 3 , followed by an increase from FeV 3 to pure Fe. This trend is modified significantly by the occurrence of ferromagnetism at higher Fe concentrations, as discussed below.
For lower concentrations of Fe in bcc V, both the calculations and the experimental results show a bunching of phonon energies around 25 meV for the Fe pDOS. This might look reminiscent of a resonance mode of a heavy impurity in a light matrix, but the masses of Fe and V are too similar for such an explanation. The resonance mode is also promoted by weaker interatomic forces between impurity and host, which typically lower the frequency of the mode. This does not seem to be the case for Fe in V, since the average energy of the Fe pDOS is the same as the average energy of the total phonon DOS. The calculations on the ordered structures do predict a difference in the average energies of the Fe and V pDOS, especially for FeV 3 and FeV. Although we do not rule out the resonance mode explanation, we suggest instead that as the local volume around an Fe atom becomes larger for V-rich alloys, the local forces on the Fe atoms become more isotropic and less sensitive to the direction of motion with respect to the neighboring atoms. This should also tend to decouple the phases of Fe polarizations from the matrix V atoms. A consequence is that the energies for the transverse and longitudinal polarizations of Fe motions tend to merge together as the local volume for the Fe atom becomes larger.
B. Phonons in ferromagnetic alloys
Pure iron is ferromagnetic at room temperature with a magnetic moment of 2.2 B / atom. The Curie temperature decreases with V concentration and reaches 300 K near 58% V. 13, 44, 45 Increasing the vanadium concentration also causes a linear decrease in the average alloy moment approximately as expected for dilution with nonmagnetic atoms although V has a small moment that aligns antiparallel to the Fe moments. 10, 17, 19, 46, 47 Our calculations are consistent with these reports and predict that the lattice parameter of the magnetic phase is larger than that of the nonmagnetic phase for most compositions ͓Fig. 5͑b͔͒. The effect of magnetism on the phonon DOS may generally include a contribution from the change in volume, where Eq. ͑3͒ predicts that the phonons would be softer in the ferromagnetic alloys. The total energy versus volume calculations of Moruzzi and Marcus 16 predicted a lower volume and higher bulk modulus for nonspin-polarized Fe. This is consistent with our QH prediction in Fig. 5͑a͒ , which shows the extrapolated behavior of the nonmagnetic alloys to have higher average energies than the ferromagnetic alloys. However, the calculations and extrapolations of Fig. 5͑b͒ indicate a crossover between the specific volumes for the magnetic and nonmagnetic phases at approximately the onset of ferromagnetism so this volume effect may be smaller for intermediate compositions.
We note from Fig. 3 that the low transverse acoustic modes in the energy range 10-23 meV tend to soften relatively rapidly with temperature in Fe and Fe 0.75 V 0.25 , indicative of an anharmonic effect. This is consistent with the neutron-scattering measurements of Satija et al. 48 and the elastic constant measurements of Dever, 49 which show a kink in the softening at the Curie temperature. The excess softening of the low transverse modes is also captured in the calculation by Hasegawa et al., 50 which the authors attributed to a softening of the second-nearest-neighbor force constant. Although the low transverse modes soften quickly with temperature, other modes may exhibit typical quasiharmonic softening. A more complete study of the temperature dependence of thermal phonon softening in Fe would be useful.
C. Composition dependence of phonons across the ferromagnetic transition
A large change in the electronic specific heat, as shown by the discontinuity in C el −1 in Fig. 5 , is found near the magnetic transition ͑at cryogenic temperatures this occurs at approximately 75% V͒. This increase in C el with ferromagnetism indicates an increase in n͑E F ͒, 51, 52 and correlates well to the phonon softening. However, our ab initio calculations show a large decrease calculated for n͑E F ͒ with ferromagnetism ͑Fig. 6͒, the opposite trend. Evidently our calculations for n͑E F ͒ with alloy composition are not reliable across the ferromagnetic transition. One reason is that the calculations were performed on ordered compounds, whereas the samples were largely disordered chemically. Another concern is that the calculations were performed for nonmagnetic states without moments at the Fe atoms, and were not states with disordered moment orientations. Finally, the screening characteristics of the electrons near the Fermi surface vary with k ជ , and more detail may be required than n͑E F ͒ alone. However, since the phonon softening did correlate well with the discontinuity in C el −1 in Fig. 5 , we attribute much of the discrepancy of the ab initio calculations to an improper treatment of chemical and magnetic disorder in the materials.
At low temperatures the enthalpic term dominates the Gibbs free energy ͑G = H − TS, where H is the enthalpy, T the temperature, and S the entropy͒. The energy versus volume curves for different magnetic states from first principles provides valuable insight into the low-temperature magnetic phase stability, where for pure Fe the ferromagnetic phase minimizes the energy. However, at moderate temperatures entropic effects begin to dominate. Figure 5 shows that phonons in the ferromagnetic phase have lower average energies than those in the nonmagnetic phase for Fe-V alloys. The vibrational entropy is larger for softer DOS curves ͑i.e., when there are more phonon states at lower energies͒.
1 At moderate temperatures the ferromagnetic phase is stabilized with respect to the nonmagnetic phase by the vibrational entropy, which from the trend lines of Fig. 5͑a͒ is approximately 0.3 k B / atom. In contrast, the electronic entropy destabilizes the ferromagnetic phase by 0.1-0.2 k B / atom, as the number of states at the Fermi level is greatly reduced by spin polarization.
VI. CONCLUSIONS
Time-of-flight INS measurements were performed at 300 and 773 K. The synchrotron Mössbauer technique, NRIXS, was used to probe the Fe pDOS at room temperature. Interpretations of the compositional trends were supported by ab initio lattice dynamics calculations on ordered structures of similar compositions. The quasiharmonic model gave good overall agreement for the compositional trends of the phonon stiffness for V-rich and Fe-rich alloys. The change in the phonon stiffness across the ferromagnetic transition was interpreted with partial success to be a result of changes in the electronic density of states ͑eDOS͒ at the Fermi level, n͑E F ͒, due to the onset of ferromagnetism. This interpretation was supported by ab initio calculations and from prior results on the electronic specific heat. In general, the greater n͑E F ͒, the more effective the electronic screening and the softer the phonons. The quasiharmonic model could account for the temperature dependence of the phonons at intermediate alloy compositions but large departures at the V-rich compositions were observed owing to adiabatic electron-phonon coupling and at the Fe-rich compositions owing to other anharmonic effects. At more dilute Fe concentrations, the Fe pDOS tended toward a single peak centered around 25 meV, which we suggest is indicative of more isotropic dynamics of Fe atoms when in larger atomic volumes.
